Polymers containing ceramics filler are used in various fields that require good thermal conductivity and electric insulation. For material design, prediction of the thermal conductivity is thus critical. There are several prediction methods to determine the thermal conductivity of filler-dispersed composites, such as the Hatta-Taya and Bruggeman models. However, these models do not consider the effect of interaction between fillers; thus, the actual thermal conductivity is larger than the predicted thermal conductivity. In this research, the thermal conductivity of polymers containing ceramic filler was numerically simulated, and the results were compared with the values predicted using the Hatta-Taya model to investigate the effect of filler orientation angle and aspect ratio. The trend of the thermal conductivity change was similar to that observed for the Hatta-Taya model, however, the simulated thermal conductivities were 30% larger than those determined using the Hatta-Taya model for a filler thermal conductivity and volume content of 40 W/(mK) and 25%, respectively. The simulated thermal conductivity results prominently deviated from the Hatta-Taya model values when the filler content ratio was large, the filler aspect ratio was small, or the filler orientation was along the heat-transfer direction.
Introduction
Dielectric materials such as polymers or ceramics are often used for electric power devices because of their electrical insulation properties. Heat generation from an electric device is increased with performance improvement. Although efficient heat dissipation from a device is desirable, the thermal conductivity of polymers is usually low. Ceramic fillers such as boron nitride (BN) and alumina are added to polymers to improve their thermal conductivity without damaging their electrical insulation properties. Commonly, the thermal conductivity of the ceramic filler is higher than that of the polymer, however, the dielectric strength of the ceramic filler is lower than that of engineering plastics, such as polyimide or polyamide. An increased volume content of the filler results in increased thermal conductivity but decreased dielectric strength of polymer composites (Li et al., 2007) . The effective thermal conductivity of composites is affected by several factors: the thermal conductivities of the filler and polymer as well as the shape, volume content ratio, arrangement, and orientation angle of the filler (Wang et al., 2013 and Tanimoto et al., 2013) . Therefore, it is important to correctly predict the effective thermal conductivity from a thermal and dielectric management viewpoint.
Several prediction methods are used to determine the thermal conductivity of bi-component materials such as the Bruggeman model (Bruggeman, 1935) and Hatta-Taya model Taya, 1985, 1986) . The Hatta-Taya model predicts the thermal conductivity from the filler volume content, thermal conductivity of the matrix and filler, and aspect ratio of the filler. Using these models, the effective thermal conductivity of composite materials can be estimated. However, these models do not consider the effect of percolation path formation. As the volume content ratio increases, the actual thermal conductivity of the composite material becomes higher than the value predicted using these models Soga, Saito, Kawaguchi and Satoh, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) (Kumlutas and Tavman 2006 , Hill and Supanic, 2002 and Mamunya et al., 2002 . The use of numerical simulations such as the finite element method (FEM) is beneficial in predicting the thermal conductivity including the percolation effect (Kumlutas and Tavman, 2006 and Strader, 2007) .
In this study, the effects of the filler orientation and aspect ratio on the thermal conductivity of polymer-based composites were investigated based on a numerical simulation using a finite volume approach to quantitatively understand the contribution of the percolation. The model shape discussed in this study was a film because the intended application is electrical insulation sheet with high thermal conductivity.
Analysis methods

Filler arrangement and thermal conductivity calculation method
To clarify the percolation effect on the thermal conductivity of composites, the Hatta-Taya model was compared with the simulated results. Figure 1 shows the coordinate system of the simulation model. The xy and yz planes are the periodic boundary conditions. The calculation area is a rectangular solid shape. The y-direction length Y was assumed to be 100 μm, and the x-and z-direction lengths X and Z were assumed to be 60 μm. Given a 1°C temperature difference in the y-axis direction, the heat flow Q on the xz plane of y = Y in steady state can be calculated using Eq. (1). Here, k means the thermal conductivity of each cell. The effective thermal conductivity of composites kc was determined using Eq. (2).
The fillers were elliptical, and the minor axis of the ellipse was assumed to be 6 μm. This size was determined from the Al2O3 platelet filler (Kumlutas and Tavman, 2006 and Strader, 2007) . The aspect ratio of the filler was determined by changing the major axis of the ellipse. Figure 2 shows the arrangement procedure for the filler in the calculation domain. First, central coordinates were determined by a pseudorandom number. Next, the orientation angles were determined and given a specific value for a certain type of orientation angle. If the filler position overlapped, returning to the first step and the central coordinate of the filler was recalculated until the appropriate position was obtained. Using this procedure, the composite structure having no physical interference was formed. Soga, Saito, Kawaguchi and Satoh, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) conductivities of the filler and matrix, aspect ratio of the filler, and filler orientation angle. The Hatta-Taya model is a prediction method for filler-dispersed polymer composites. However, when the filler content ratio increases, the actual thermal conductivity is increased by the percolation effect, i.e., the interaction between the fillers. The thermal conductivity of the composite was numerically simulated and compared with results obtained using the Hatta-Taya model to clarify the effect of the filler orientation angle. In the simulation, the filler shape and thermal conductivity were fixed in each calculation. The thermal conductivity was 0.2 W/(mK) for the matrix and 0.2-100 W/(mK) for the filler. The filler was elliptical with aspect ratios of 4, 6 and 10. The filler orientation angles were 0° and 90°, and the filler volume content ratios were 15.5 and 25.5%. The filler distribution was determined by a pseudorandom number, so calculated thermal conductivities have a dispersion. The thermal conductivity was calculated for 10 different models and the arithmetic average was taken for each calculation condition.
Validation of thermal conductivity prediction for composite materials
The predicted thermal conductivity of epoxy-silica composite was compared with the experimental results (Wong and Bollampally, 1999) to validate the simulation model in this study (Fig. 4) . The silica fillers had spherical shape and the variation of diameter was from 8 to 20 μm. The filler volume content ratio was 10, 20, 30 and 40%. The thermal conductivity of the epoxy resin and silica filler were, 0.195 and 1.5 W/(mK), respectively. The predicted thermal conductivities agreed well with the experimental results, thus the simulation model in this study was verified. Filler volume content ratio Simulated Experimental (Wong et al.) Soga, Saito, Kawaguchi and Satoh, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) 
Hatta-Taya model
The effective thermal conductivities of the filler-dispersed film composites were determined using the Hatta-Taya model Taya, 1985, 1986 ) based on the thermal conductivity of the matrix km and filler kf, aspect ratio of the filler a, and volume content ratio of the filler Vf (Equation 3-5) . Here, Sii means the tensor for ellipsoid filler, the 11 and 22 mean the filler orientation was in-plane, 33 means the out-of-plane orientation.
(3) (4) (5) As illustrated in Fig. 5 , the thermal conductivity of various filler orientations in the film (in-plane and out-of-plane) were investigated. Figure 6 compares the numerically obtained thermal conductivity values with the Hatta-Taya model thermal conductivity for filler orientation angles of 0° and 90°. In both case, the simulated result deviated from the Hatta-Taya model, and the values were 0.6 and 3 W/(mK) for in-plane and out-of-plane orientation, respectively. In addition, the simulated results continued to increase irrespective of the each orientation angle. The simulated thermal conductivities were 15.5% and 27.8% higher than by the Hatta-Taya model for the in-plane and out-of-plane orientations by the BN filler thermal conductivity of 40 W/(mK). This result was caused by the fact that the Hatta-Taya model ignores the effect of interaction between fillers. Figure 7 shows a heat flux distribution between two fillers. The thermal conductivity of matrix and filler were 0.2 and 40 W/mK and the diameter of filler was 25 μm. The thickness of the composite was 50 μm and 1 °C temperature difference was given to the thickness direction. To indicate the heat flux only around the filler, thus the filler was colored with mono-color of yellow. As shown in Fig. 7 , the heat flux between the fillers was increased with decreasing the gap between the fillers even if the fillers did not contact to each other.
Results and discussion
The effects of the filler orientation, content ratio, and aspect ratio on the thermal conductivity were simulated. Figure  8 presents thermal conductivity examples for a 25.5% filler volume content ratio. Table 1 lists the simulated results, including those presented in Fig. 8 . The simulated trend shows the same tendency as the Hatta-Taya model: a low filler aspect ratio resulted in a high thermal conductivity for the in-plane orientation, and a high filler aspect ratio resulted in a high thermal conductivity for the out-of-plane orientation. 
Soga, Saito, Kawaguchi and Satoh, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) Table 2 lists the ratios Ri of the simulated thermal conductivities ksim to those predicted using the Hatta-Taya model kHT under various conditions; these values were determined using Eq. (6). (6) The Ri values increased with the filler volume content ratio irrespective of the filler orientations. When the content ratio of the filler volume increased, the Ri value of the composite increased because of the heat transfer between closely gathered filler (Fig. 7) . The Ri value for the out-of-plane filler orientation was larger than that for the in-plane filler orientation. Figure 9 shows the heat flux distribution around in-plane and out-of-plane orientated single filler (yellow in Fig. 9 ). The thermal conductivity of matrix and filler were 0.2 and 40 W/mK and the aspect ratio of the filler was 6. The thickness of the composite was 50 μm and 1 °C temperature difference was given to the thickness direction. To indicate the heat flux only around the filler, thus the filler was colored with mono-color of yellow. If there was no filler, the heat flux must be 4.0 kW/m 2 across the whole region. However, the heat flux distribution changed because of the presence of filler material. As shown in Fig. 9 (b) , the heat flux around the top and bottom edge of the filler became high if the filler orientation was parallel to the heat flow. The heat flux pass for the out-of-plane orientation was longer than for the inplane orientation due to the heat flux distribution change between the two orientations. Therefore, the heat flux variation for the out-of-plane orientation was larger than that for the in-plane orientation. Soga, Saito, Kawaguchi and Satoh, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) For the in-plane orientation and 15.5 and 25.5% filler volume content ratios and for the out-of-plane orientation and 15.5% filler volume content ratio, a low filler aspect ratio resulted in a high Ri value for all the filler thermal conductivities. For low filler aspect ratios, the average distance between the fillers decreased because the number of fillers at low aspect ratio was larger than those at high aspect ratio. The small gap between the fillers caused a higher thermal conductivity because the heat flux between the filler through the matrix was increased. Therefore, the Ri value of the composite increased with decreasing filler aspect ratio except for the out-of-plane orientation at Vf =25.5%.
For the out-of-plane orientation at Vf = 25.5%, there was no apparent difference in the filler aspect ratio ( Table 2 ). The aspect ratio effect for the Ri value was due to the filler gap. The heat flux pass length for the out-of-plane orientation was longer than that for the in-plane orientation, and this pass length was sufficiently larger than the filler gap with increase of filler content ratio. Thus, the effect of the filler aspect ratio on the Ri value was not significant for the out-ofplane orientation of Vf = 25.5%.
Conclusions
The effects of the filler aspect ratio and orientation angle on the thermal conductivity of filler-dispersed polymer composites were investigated using numerical simulations. The trend of the thermal conductivity was the same as that predicted value of the Hatta-Taya model. However, the simulated thermal conductivity was higher than that predicted using the Hatta-Taya model because of the interaction between the fillers. The effect of interaction between the fillers for the out-of-plane orientation was higher than that for the in-plane orientation. When the filler volume content ratio was 25.5%, the filler aspect ratio was 10, and the thermal conductivity of the filler was 40 W/(mK) using BN or alumina filler, the thermal conductivity increased by 30% compared with the value predicted using the Hatta-Taya model. An increased filler content ratio resulted in a higher thermal conductivity. Therefore, the effect of interaction between the filler is substantial in the design of composites with high filler volume content, thus the percolation effect should be incorporated in material design. 
